Outcomes for patients with chronic myeloid leukemia (CML) have substantially improved due to advances in drug development and rational treatment intervention strategies. Despite these significant advances there are still unanswered questions on patient management regarding how to more reliably predict treatment failure at the time of diagnosis and how to select frontline tyrosine kinase inhibitor (TKI) therapy for optimal outcome. The BCR-ABL1 transcript level at diagnosis has no established prognostic impact and cannot guide frontline TKI selection. BCR-ABL1 mutations are detected in~50% of TKI resistant patients but are rarely responsible for primary resistance. Other resistance mechanisms are largely uncharacterized and there are no other routine molecular testing strategies to facilitate the evaluation and further stratification of TKI resistance. Advances in next-generation sequencing technology has aided the management of a growing number of other malignancies, enabling the incorporation of somatic mutation profiles in diagnosis, classification, and prognostication. A largely unexplored area in CML research is whether expanded genomic analysis at diagnosis, resistance, and disease transformation can enhance patient management decisions, as has occurred for other cancers. The aim of this article is to review publications that reported mutated cancer-associated genes in CML patients at various disease phases. We discuss the frequency and type of such variants at initial diagnosis and at the time of treatment failure and transformation. Current limitations in the evaluation of mutants and recommendations for future reporting are outlined. The collective evaluation of mutational studies over more than a decade suggests a limited set of cancer-associated genes are indeed recurrently mutated in CML and some at a relatively high frequency. Genomic studies have the potential to lay the foundation for improved diagnostic risk classification according to clinical and genomic risk, and to enable more precise early identification of TKI resistance.
Introduction
Chronic myeloid leukemia (CML) is a clonal disorder of hematopoietic stem cells resulting from the BCR-ABL1 rearrangement. The BCR-ABL1 fusion protein is a target of tyrosine kinase inhibitor (TKI) therapy. Advances over the last two decades in drug development, patient management guidelines and the introduction of standardized molecular monitoring based on the BCR-ABL1 quantitative PCR technique have dramatically improved patient outcomes. Molecular monitoring is now recommended to routinely assess TKI response and to guide disease management [1, 2] . BCR-ABL1 kinase domain mutation analysis is the primary molecular monitoring tool for the assessment of TKI resistance.
Recent advances in next-generation sequencing (NGS) technology have allowed investigation of genetic abnormalities in small subpopulations of malignant clones and initiated the era of precision medicine for the management of cancer [3] . Somatic mutation profiles are now incorporated at diagnosis, risk classification and prognostication in diverse subtypes of myeloid neoplasms, including acute myeloid leukemia (AML), myelodysplastic syndrome and myeloproliferative neoplasms. In particular, genetic factors and the associated biology identified by NGS technology in AML have provided critical insights on mutational landscapes and clonal evolution in myeloid leukemia, and have driven drug development. In AML, the mainstay of prognostic stratification is based on mutation profiles including FLT3, NPM1, CEBPA, and gene fusions [4] . The presence of mutant FLT3, ASXL1, RUNX1 or TP53 indicates adverse prognosis, while the presence of a bi-allelic CEBPA mutation aligns with favorable outcomes in AML patients. Accordingly, a mutation profile-based risk stratification system can guide treatment selection for leukemia patients.
In CML, risk scores, such as Sokal [5] , EUTOS [6] , and ELTS [7] , are based on clinical parameters at diagnosis and can stratify patients according to their long-term prognosis. Historically considered a genetically uniform disease because of the universal presence of the BCR-ABL1 rearrangement, a largely unexplored area in CML research is the risk conferred by additional genomic lesions at diagnosis. A recent study did indeed demonstrate that genomic profiling of the BIM deletion polymorphism in Asian populations can be used to complement clinical risk scores [8] . However, a comprehensive and systematic evaluation of the mutational landscape at CML diagnosis, TKI resistance and at blast crisis (BC) transformation is lacking. Whole-exome sequencing of tumor/normal pairs provides an unbiased discovery tool, with the potential for unearthing a broad range of somatic coding variants of potential clinical relevance. However, studies using this strategy are limited and most studies examined a small set of genes or regions that were selected based on their known association with hematologic cancer.
The aim of this review is to analyze the current evidence in the published literature of mutated genes in adult patients with CML, and to collate the data and evaluate for mutant recurrence and potential significance at diagnosis, TKI resistance or transformation. We discuss whether clonal hematopoiesis [9] [10] [11] could complicate the identification and interpretation of leukemia-specific mutant gene detection, outline criteria for assignment of clinical relevance for somatic mutations and suggest the minimum core set of genes for targeting in future studies. The available data would suggest that incorporation of genomic factors into risk calculations will likely enhance the management of CML, as has occurred with other hematologic malignancies [4, 12, 13] , and is worthy of further exploration.
Mutational landscape at CML diagnosis
One of the first reports of molecular heterogeneity at chronic phase (CP) diagnosis was a case report published in 2005 [14] . The patient failed interferon and imatinib therapy and progressed to accelerated phase (AP) within 1 year. The emergence of trisomy 21 prompted Sanger sequencing of the RUNX1 gene, which revealed a known loss-of-function variant within the runt domain. A BCR-ABL1 kinase domain mutation was also detected at imatinib resistance and at AP. To our knowledge, this was the first report of a concurrent BCR-ABL1 mutation and a cancer-associated gene. Importantly, sequencing at diagnosis only revealed the RUNX1 variant. The report suggested that additional screening at diagnosis of some defined genes could be complementary to clinical scoring systems to aid therapeutic decisions.
Genes of clinical relevance were not defined in 2005 and the standard technology of the time, Sanger sequencing, precluded a large scale search for mutated genes. RUNX1 was a good candidate for mutation screening. In 1988 a chromosomal translocation at the RUNX1 locus was described at CML diagnosis in a patient with ensuing BC 15 months after diagnosis [15] and a RUNX1 runt domain mutation was first described in 1999 at BC [16] . By the early 2000′s RUNX1 was one of the most frequently mutated genes in leukemia [17] . It is essential for normal hematopoiesis, functioning as a master regulator of myeloid and lymphoid differentiation [18] . Its function is deregulated by translocation, mutation and amplification [19] . However, RUNX1 was not generally selected as a candidate gene for sequencing at CML diagnosis in the early studies.
In 2011 Roche-Lestienne et al. [20] selected four genes for DNA sequencing in 91 patients at CML diagnosis and at other timepoints. The genes were TET2, ASXL1, IDH1 and IDH2, and were selected because they were somatically mutated in patients with various BCR-ABL1-negative hematologic malignancies. One of the 91 patients had TET2 mutations at diagnosis and this patient transformed to MBC at 4 months. No mutations were detected in IDH1 or IDH2 at diagnosis, which is consistent with another study that detected no IDH1/2 mutations among 50 patients at the time of CP CML diagnosis [21] . Similarly, an NGS study of 49 patients at CP diagnosis only detected an IDH1 variant (R132H) in one patient with lymphoid BC (LBC) at 6 months of imatinib [22] . These studies suggest that IDH1/ 2 variants are rare at diagnosis. In contrast, the RocheLestienne study found ASXL1 frameshift and nonsense variants in 8/91 patients (8.8%) at diagnosis. The prognostic significance of mutated ASXL1 was not clear from this study. Of the eight patients with mutated ASXL1, 3 achieved a major molecular response (MMR) and the other 5 had primary or acquired imatinib resistance. Three of the five patients with resistance had both ASXL1 and BCR-ABL1 kinase domain mutations. Overall, this initial study of only four genes found variants in 9.9% of patients at the time of diagnosis in CP.
The clinical relevance of mutated ASXL1 at the time of CML diagnosis has not been clarified with subsequent genomic studies. Multiple studies reported patients at diagnosis with mutated cancer-associated genes [14, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The genes are as defined by the Catalogue of Somatic Mutations in Cancer (COSMIC) Cancer Gene Census [33] . Many of the studies did not detail whether the patients were in CP at diagnosis or how the patients were selected for testing. Therefore, the results at this stage cannot be considered indicative of the actual frequency of cancerassociated genes at CP diagnosis. Most samples were sequenced using Sanger sequencing or an NGS gene panel for specific genes known to be associated with hematologic cancer. Whole-exome, whole-genome or wholetranscriptome sequencing (RNA-Seq) was also performed (Table 1 ). Figure 1 summarizes the number of patients sequenced at diagnosis for specific cancer-associated genes and the frequency of patients with mutations [14, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Only genes mutated in more than one patient at diagnosis or AP/BC are listed. The analysis is focused on single nucleotide variants (SNVs), small insertions and deletions (indels) and IKZF1 exon deletions. Seven genes were recurrently mutated in more than one study: ASXL1, RUNX1, KMT2D, DNMT3A, JAK2, TP53, and TET2. Mutations in three of these genes, ASXL1, RUNX1 and TP53, confer an adverse risk for patients with AML [4] . ASXL1 was the most frequently sequenced gene (518 patients) and was also the most frequently mutated: 9.7% of all adult patients tested. The IDH1/2 hotspot mutation sites were sequenced in 489 patients at diagnosis. Only one patient had an IDH1 mutation [22] . This data then suggests that in CML mutated ASXL1 is relatively common at diagnosis, whereas IDH1/2 mutants are exceedingly rare.
Does clonal hematopoiesis have prognostic value at CML diagnosis?
In 1981, Fialkow et al. [34] proposed that the Philadelphia chromosome (Ph) may not always initiate CML and suggested a multistep process. It is now known that normal hematopoietic stem cells acquire certain somatic mutations as a part of the aging process, a phenomenon referred to as clonal hematopoiesis of indeterminate potential (CHIP) or age-related clonal hematopoiesis [9] [10] [11] . Mutations involved in CHIP include DNMT3A, TET2, ASXL1, TP53, IDH1, IDH2, SF3B1, SRSF2, and U2AF1. These clonal acquired events that occur with normal aging slightly increase the risk of hematologic cancer and are associated with an increased risk of all-cause mortality in the general population. They are detected in <1% of people under 50, but in >10% over 65 [9] , which can complicate the evaluation of hematologic cancer.
Schmidt et al. [25] reported sequencing data focusing on 29 CML patients with a 25 gene panel that explored Phnegative and Ph-positive cell subsets. Some patients had the same gene mutation present in both Ph-negative and Phpositive cells, including one patient carrying a DNMT3A mutation in both cell subsets. This suggests that some mutations precede the BCR-ABL1 rearrangement.
Kim et al. [31] recently reported CML patients carrying mutations in CHIP-associated genes, including DNMT3A, TET2, ASXL1, BCOR, and CREBBP, without any significant change in the variant allele frequency following TKI therapy. This finding suggests that cells carrying a CHIP mutation but without BCR-ABL1 rearrangement can expand after successful TKI therapy and can contribute to hematopoiesis. It also demonstrates the potential for selection of small clones that may contribute to the development of other malignancies in the future. One could speculate whether this is related to the development of Ph-negative AML observed in some CML patients with chromosomal abnormalities in Ph-negative metaphases.
Mutations associated with CHIP in the non-leukemic cells are evident by persistent detection in remission. A recent study in AML demonstrated that the detection of the CHIP-associated mutations DNMT3A, TET2, and ASXL1 in remission samples was not prognostic for relapse, whereas low-level detection of other mutations in remission was significantly associated with relapse [35] . The impact of mutations at diagnosis likely varies depending on whether they occur in the Ph-positive or Ph-negative clone. Sequencing a corresponding sample at diagnosis that was not derived from the leukemic clone will be needed to clarify the interpretation of mutations.
In our review of the literature, ASXL1 was the most frequently mutated gene at diagnosis and is also one of the most frequently mutated genes associated with CHIP. There is no strong evidence for an age-related mechanism of acquisition of mutated ASXL1 in CML. The median age at diagnosis for patients with ASXL1 exon 12 mutation was reported in two small series to be 55 years (range 44-62, n = 8) [31] and 47 years (range 37-82, n = 9) [22] . Only three of these patients were >60 years of age. Furthermore, a study by Ernst et al. [36] in children and young adults (median age 14 years) found ASXL1 mutations at CML diagnosis in 6 of 21 patients with no other gene mutations detected. Clonal analysis in one patient demonstrated the ASXL1 mutation was acquired after BCR-ABL1 acquisition.
At this stage the role that CHIP may play in CML is unknown. Furthermore, it is not known if the BCR-ABL1 fusion occurs more frequently in a clone bearing a CHIP mutation than a clone without a CHIP mutation. 
Mutational landscape at advanced phase CML
The mechanisms underlying transformation of CML to BC are not well understood. Single genetic abnormalities, such as BCR-ABL1, can be very successfully targeted, but molecular heterogeneity presents a more difficult therapeutic situation, contributing to the poor response to therapy for patients with BC. It has been proposed that unfaithful DNA repair in BCR-ABL1 expressing cells leads to an accumulation of mutations. Up to 60-80% of patients in BC have additional clonal chromosomal abnormalities [37] , many of which are known to be associated with a worse prognosis [38] . However, the extent that mutations in hematologic cancer genes contribute to transformation is unknown. A greater understanding of these molecular events may lead to improved therapeutic approaches for BC and possibly multi-agent therapy to combat specific mutations. Sequencing of patients in the advanced phase of CML in search of mutated genes has been ongoing for almost 2 decades, either as single gene candidates or more recently, in an unbiased fashion using whole-exome or genome sequencing or RNA-Seq. In the early 1990s, sequencing studies revealed a high rate of point or frameshift mutations in TP53 at the time of BC: 13/65 patients (20%) [39] [40] [41] . In the TKI era a number of studies have revealed mutations in other genes at varying frequencies in advanced phase patients ( Fig. 1 ) [14, 20-23, 30, 31, 42-51] . Once again, the analysis is focused on SNVs/indels in cancer-associated genes [33] and IKZF1 exon deletions. BCR-ABL1 kinase domain mutation status was only reported for 89 patients and were detected in 39%. RUNX1 was most frequently mutated (18.3%) and only two other genes were mutated at a frequency > 15%: IKZF1 (exon deletions, 16.0%) and ASXL1 (15.1%). The BC phenotype was not reported for most patients. However, IKZF1 deletions are associated with a lymphoid phenotype [43] . Thirteen genes were mutated in more than one study: RUNX1, IKZF1, ASXL1, GATA2, TET2, TP53, SETBP1, PTPN11, IDH1, IDH2, NRAS, JAK2, and CBL.
These genomic studies consistently found a lower frequency of mutated TP53 (3.9% overall) than was reported in the pre-TKI studies (20%) [39] [40] [41] . WT1 was among the most frequently mutated genes in one study [47] , but has been reported at a lower frequency in other studies. An early targeted gene study of variants associated with BC identified a recurrent gain-of-function GATA2 variant (L359V) in 11% of patients at BC [42] . However, to our knowledge, this variant has not been reported in other studies that included GATA2 in the variant screen, although the number The data from 15 studies of patients at diagnosis and 20 studies at AP/ BC are reported where cancer genes were mutated in more than one patient at diagnosis and/or BC [14, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . Some variants were not included, such as the ASXL1 E1102D variant, which is reported in the population databases at a frequency suggesting it represents the germline and is not pathogenic. Other variants reported in PAX5, TP53, and TET2 were also not included for the same reason. Four other genes associated with hematologic malignancy were mutated in one patient each at BC: U2AF1, XPO1, NPMI, and SETD2. The number of samples sequenced for individual genes is highly variable and ranges from 49 for IKZF1 exon deletions to 518 for ASXL1 exon 12 variants at diagnosis. BCR-ABL1 kinase domain mutation status was reported in few studies. Therefore, the confidence for the mutation frequency for some genes is low compared with other genes. Only genes listed in the COSMIC Cancer Gene Census are included of patients studied is small. Mutant BCOR/BCORL1 was reported in one published study at a relatively high frequency at BC (15%) using whole-exome sequencing and RNA-Seq [22] , and is reported in other mutation screens in abstract form [52, 53] . The studies to date suggest that a relatively small number of clinically relevant genes may be recurrently mutated in advanced phase CML. The spectrum of mutated cancer genes can be directly compared for two studies that each included 39 patients in BC. The first study by Grossman et al. [47] targeted 12 genes, which included an analysis of IKZF1 exon deletions. These 12 genes overlapped those of the second study by Branford et al. [22] , which used wholeexome and RNA-Seq. Copy number variation, genomic breakpoint detection and atypical RNA splicing identified IKZF1 deletions in the study by Branford et al. Figure 2 highlights that SNVs/indels in RUNX1 and ASXL1, plus IKZF1 exon deletions, were the most frequent variants in both studies. Mutations in one or more of these three genes were detected in 23/39 patients (59%) in the targeted gene study [47] and in 21/39 patients (54%) in the unbiased mutation screen of the second study [22] . The frequency of mutations in RUNX1, IKZF1 and ASXL1 is comparable or higher than the frequency of BCR-ABL1 kinase domain mutations [54] [55] [56] . Interestingly, both studies reported a very high frequency of co-occurrence of mutated cancer genes and BCR-ABL1 kinase domain mutations: 11/13 patients (85%) [47] and 17/19 patients (89%) [22] with kinase domain mutations.
The comparison between these two studies is revealing. By sequencing only 12 genes, Grossmann et al. [47] found that 10 of the genes were mutated in 30/39 patients (77%), whereas sequencing of all genes by Branford et al. [22] found the same type of mutations (SNVs/indels and IKZF1 deletions) in 15 cancer genes in 31/39 patients (79%). Only 5 of the 10 cancer genes mutated in the targeted gene study were also mutated in the study of Branford et al. Figure 2 . This suggests a core set of cancer genes account for most of the SNVs/indels at BC and a variety of other genes are mutated at low frequency.
An important consideration when searching for mutated genes associated with disease transformation is that a screen for only SNVs/indels and IKZF1 deletions does not detect a major class of mutation, which is gene fusion. Multiple gene fusions have been described in advanced phase CML and fusion partners include RUNX1 [57] , MLL (KMT2A) [58] and CBFB [59] . RNA-Seq analysis for the 39 patients at BC in the study by Branford et al. [22] revealed a high frequency of gene fusions. Ten of the 39 patients (26%) had 11 fusions at BC where a partner gene was a known hematologic cancer gene, including MLL, RUNX1, IKZF1, CBFB, MECOM, and PAX5. Some of the fusions were novel and/or cytogenetically cryptic, including cryptic MLL fusions. In 15% of the 39 patients, the fusion was the sole additional mutated cancer gene at BC. This analysis further demonstrates the important role of mutated RUNX1 in CML transformation. Using whole-exome sequencing and RNASeq, novel RUNX1 exon deletion and fusion, in addition to SNVs and indels, were detected at BC and at CML diagnosis in some patients with poor outcome [22] . Overall, the combined sequencing strategy revealed mutated cancer genes in 37/39 patients (95%) and the types of variants SETD1B  TP53  TET2  IDH1  WT1  PHF6  BCOR  IDH2  SETD2  XP01  U2AF1  CBL  NRAS  KRAS  TP53  RUNX1  ASXL1   IKZF1 exon a Mutant genes at BC reported in the study of Grossman et al. [47] . b Mutant genes at BC reported in the study of Branford et al. [22] . The most frequently mutated genes were common to both studies: RUNX1, ASXL1, and IKZF1 exon deletions. These were detected in >50% of patients in both studies. Genes mutated in both studies are indicated by matching colors. Light gray shading indicates genes that were sequenced in both studies but were only detected in one of the studies. Dark grey shading indicates the genes that were only sequenced in one study included SNVs/indels, focal deletions and fusions [22] . The majority of these patients were treated with imatinib and only two patients had BCR-ABL1 kinase domain mutations as the sole detectable mutation.
Dynamics of mutation profiles following TKI therapy in CML
Most of the studies focusing on mutation profiles in CML have investigated a single time point: at diagnosis, resistance or transformation. Accordingly, they generally lack an evaluation of the serial changes of mutation profiles throughout the disease course. However, two studies have evaluated the dynamics of somatic mutations over time [22, 31] . Kim et al. studied 100 patients at diagnosis pre-TKI and at 6-12 months after initiation of TKI therapy. The T-cell fraction was also tested as a representative of the hematopoietic stem cell fraction. This study suggested five patterns of mutation profile dynamics with TKI therapy. Pattern 1 included ASXL1, BCOR, CREBBP1 and several genes involved in transcription (Fig. 3) . The mutations were not cleared at all with TKI therapy despite a significant reduction of BCR-ABL1 transcript level, suggesting that these variants exist independent of the Ph-positive clone. Pattern 2 included ABL1, TP53, KMT2D, and TET2. These were strongly associated with TKI resistance or disease progression to advanced disease. Patterns 3 to 5 included somatic mutation of epigenetic pathway genes in the Phpositive clone. There was a linear relationship between the reduction of mutant allele burden and BCR-ABL1 transcript level reduction in Pattern 3, which implies these mutations were acquired in the Ph-positive clone. Longitudinal follow-up of patients in the study of Branford et al. [22] also demonstrated different patterns of mutation acquisition, retainment and clearance. Clonal competition between mutant genes was evident over time. Interestingly, mutations in cancer-associated genes predated the acquisition of BCR-ABL1 kinase domain mutations in 62% of patients. These findings highlight that additional studies are needed to unravel the clinical relevance of mutant genes detected at diagnosis. Single-cell sequencing could also be important to define whether mutants represent single clones or multiple independent clones that can be selected, as occurs in AML [60] .
Emerging novel recurrently mutated genes
Broad mutation screens using NGS are revealing potentially novel mutated genes. However, a variant predicted to be damaging in a gene that is not associated with hematologic cancer requires careful assessment before assigning clinical relevance. Recurrence of damaging variants in individual   Response   FANCA  CREBBP  CUX1  EP300  SF1  CSMD3  ASXL1  FBXO11  TRRAP  KMT2D  BCOR  ATRX  KAT6A  FLT3  KIT  : DNMT3A  TP53  ASXL1  ASXL1  MYOM2  ASXL1  ASXL1  ASXL1  ASXL1  RAD21  DNMT3A  KMT2A  RUNX1  RUNX1  ASXL1  TET2  IRF1   VAF   T- represents new acquisition of mutations, associated with treatment failure. Pattern 3 shows a linear relationship between the reduction rate of mutation allele burden and BCR-ABL1 transcript level reduction, implying that this mutation arose from the Ph-positive clone. Modified from Kim et al. [31] genes that occur within or across genomic studies in patients with similar clinical phenotype provides a high level of evidence for causality [3] . For example, using whole-exome and RNA-Seq, frameshift/nonsense variants in the SETD1B gene were recently reported in three patients at CP diagnosis of CML. These patients were treated with first-line imatinib and all transformed to BC [22] . Two other recent studies reported frameshift/nonsense variants in SETD1B at BC [52, 53] . Interestingly, this histone methyltransferase was recently reclassified as a putative tumor suppressor gene in the COSMIC Cancer Gene Census [33] , with a colorectal and endometrial cancer association. SETD1B is categorized as a Tier 2 cancer gene, meaning it has a strong indication for a role in cancer, but the evidence is less extensive than other cancer genes. Another novel gene that was somatically mutated at CML BC across three whole-exome sequencing studies is UBE2A [22, 53, 61] . The gene is a ubiquitin-conjugating enzyme and mutated UBE2A has no reported association with cancer. SETD1B and UBE2A could have emerging roles as contributors to CML transformation. Mutation of these genes frequently co-occurred with other mutated genes [22, 53, 61] . Novel recurrent mutations should ideally be evaluated in vitro or in vivo using experimental models to better define the degree of their contribution to resistance [61] . Pooling datasets is a powerful means to strengthen phenotypic associations to identify less frequent, but potentially relevant genes. It also provides guidance for establishing genes for target in genomic studies.
How to assign clinical relevance to genes and variants for CML
The data presented in this review has focused on genes that have a known role in cancer and, in some cases, on the presumption that the variants were pathogenic. For some variants, sufficient information was supplied to review their frequency in population databases [62, 63] . Some mutations reported in CML patients have a relatively high population frequency and have actually been described as probable non-pathogenic germline variants, such as the ASXL1 E1102D variant [64] , which is listed in population databases at a minor allele frequency of~1%. Population databases do indeed contain somatic variants but their allele frequency is usually extremely low. The inclusion of a non-leukemic control for confirmation of the somatic status of variants aids interpretation. Types of controls include remission samples, buccal cells, saliva, skin biopsy, hair follicles, mature T cells, cultured mesenchymal stromal cells or nail clippings. However caution is advised in interpreting this data as saliva and skin biopsies may be contaminated with leukemic cells [22, 65] and controls should be assessed for absence of the BCR-ABL1 fusion. A non-leukemic control should ideally be sourced at CML diagnosis for potential future use to assess the somatic status of variants. Specific variants reported in general or region-specific population databases at an allele frequency ≥ 1% were excluded from the summary in Fig. 1 , which highlights the importance of interrogating multiple factors before assigning clinical relevance to variants. These include, but are not limited to, the impact of variants using in silico prediction tools [66] [67] [68] [69] [70] [71] , conservation scores [72] , occurrence in important protein domains [73] [74] [75] and frequency in population databases. Listing in the COSMIC database [76] is valuable but does not confirm pathogenicity and clinical relevance.
A variant annotation pipeline is a valuable aid when assessing the relevance of variants. Table 2 is an example of an annotation pipeline where several factors were used to assess variants and to assign clinical relevance [22] . Seven variants in the cancer gene TP53 are shown but only 3/7 were deemed clinically relevant. One of the variants, p.Pro72Arg/ c.215 C > G, is listed 162 times in COSMIC but has a very high frequency in all population databases. It is a nonpathogenic germline variant. In contrast, a novel variant, p. Gly117Arg/c.349 G > A, is not listed in COSMIC but meets multiple criteria for clinical relevance. Another important consideration is the type of variant in individual genes. The clinical relevance of a missense variant in a strong hematologic cancer gene such as MLL is questionable, whereas a gene fusion involving MLL is highly relevant.
In order to prioritize genes and specific variants for inclusion in testing regimes, the evidence for clinical relevance should be examined. Evidence is enhanced by overlaying functional data, if available. For example, variants that occur at amino acid R132 of the IDH1 gene are detected in many cancer types and have been shown to generate an oncometabolite that blocks differentiation and contributes to a transformed phenotype (reviewed in [77] ). The relevance of variants at other amino acids of IDH1 is unknown, even for those variants where in silico prediction models suggest pathogenicity.
A unified approach to the interpretation of variants in CML and the provision of essential minimum information for each reported variant will aid our understanding of their clinical relevance. The inclusion of variants in mutation lists that are likely benign or those listed in population databases at a significant frequency, risk obscuring the true clinical relevance of variants. Damaging variants with unknown clinical relevance are important since their relevance may become apparent with recurrence in other patients with a similar phenotype, as is emerging for SETD1B and UBE2A variants [22, 52, 53, 61] . However, we suggest that these should be clearly classified as having unknown clinical relevance in the absence of strong supporting evidence.
The Association for Molecular Pathology, American Society of Clinical Oncology and the College of American Note this this variant is listed in COSMIC with a high count, but is also reported at a high frequency in population databases and is a non-pathogenic germline variant
Pathologists have recently published joint consensus standards and guidelines for the interpretation and reporting of sequence variants in cancer [78] . A framework for somatic variant interpretation is outlined and a four-tiered system to assign clinical relevance to variants is proposed. These guidelines are analogous to the published standards for the interpretation of variants associated with mendelian disorders [79] . We propose the new guidelines for the assignment of clinical relevance be considered for genomic studies in CML. They recognize that the classification of some variants will change with new knowledge. The inclusion of essential minimum information will aid comparison and validation across studies (Table 3 ). This information includes variant level data and clinical information. The clinical significance of mutated cancer genes, particularly at the time of CML diagnosis, awaits comprehensive assessment. If their risk is established through rigorous evaluation of the evidence, the adoption of the variant Tier classification system may be appropriate to aid clinician interpretation [78] . Briefly, Tier I variants are those with strong clinical significance: therapeutic; prognostic; and diagnostic. Tier II variants have potential clinical significance. Tier III have unknown clinical significance and Tier IV are benign or likely benign. BCR-ABL1 kinase domain mutations are clearly Tier I variants.
Which genes should be included in a targeted gene panel?
We propose that expanded clinical association studies are necessary to establish the risk conferred by mutated cancer genes at CML diagnosis and during therapy. For many clinical applications, targeted DNA sequencing using panels of specific disease associated genes is the most cost-effective method of choice for mutation screening. It also allows high coverage of targeted regions for improved sensitivity of variant detection. We suggest the genes outlined in Fig. 1 be among those included in gene panels. However, few current gene panels include the newly emerging recurrent genes of potential clinical relevance identified from unbiased mutation screens, such as SETD1B and UBE2A, which will limit their clinical evaluation. The inclusion of other genes with welldefined clinical relevance in myeloid cancer and acute lymphoblastic leukemia is valid, for example, splicing factor genes, cohesin complex genes, CDKN2A and PAX5. Nevertheless, the current data suggest that a core set of genes will account for the majority of mutated genes in CML, as shown in Figs. 1 and 2 , and relevant clinical evaluation across studies is achievable without total concordance of the genes included for assessment. An evaluation of mutated IKZF1 using gene panels will necessitate appropriate assessment for focal deletions, such as copy number variation analysis [80] .
Users of pre-designed gene panels should be mindful of limitations. The TruSight Myeloid Sequencing Panel (Illumina, San Diego, California) targets 54 genes. Only ABL1 exons 4 to 6 are targeted. Therefore, it will likely underestimate the frequency of imatinib resistant mutations since some are not targeted, such as H396R, which is frequently detected [54, 56, 81, 82] . Furthermore, individual technologies cannot encompass the entire biological complexity and the diverse mutation types that appear to contribute to response [22] . Integration of multiple technologies will increase the diagnostic yield, such as the incorporation of a gene fusion screen [83] , which will provide an opportunity to establish the role of additional gene fusions in treatment outcome. Genomic studies have identified additional mutated cancer genes at diagnosis and transformation. However, important questions need to be answered before the true clinical relevance can be established. In particular, their utility at diagnosis for response prediction and therapy decisions. Furthermore, the clinical relevance of low-level mutated cancer genes at diagnosis is unknown and studies are needed to define the sensitivity required when testing diagnostic samples. Newer technologies, such as duplex sequencing and single-cell genotyping, will improve the detection of rare variants [84] and these could further define the mutational landscape and clonal heterogeneity.
Only one study to date using a screening panel of 92 genes has systematically assessed outcomes according to mutation profile at diagnosis [31] . Of 100 consecutively treated patients, those carrying mutated epigenetic regulation pathway genes had inferior complete cytogenetic response by 12 months (53% versus 79%, P = 0.02), MMR by 2 years (35% versus 62%, P = 0.04) and MR4.5 by 3 years (26% versus 47%, P = 0.03). This initial study requires a substantially expanded patient base with well curated clinical outcome data and replication in multiple studies before appropriate recommendations can be made for the inclusion of targeted gene screens at diagnosis. Moreover, clinical risk scores at diagnosis may inform the selection of patients for screening. One study found an association between Sokal score and the detection of cancer gene variants at diagnosis, but the patients were highly selected according to outcome [22] . Another study used whole-exome sequencing and found an increased burden of somatic mutations in patients resistant to first-line imatinib [28] . The study used a variant 'oncogenic potential' scoring system and found a correlation with outcome. Further studies are necessary to evaluate whether genomic guided risk will enhance prognostication when combined with clinical risk. Furthermore, expanded evaluation is required to establish whether a potential poor outcome for imatinib treatment could be overcome with specific therapeutic interventions such as the use of more potent TKIs. This has been suggested in one study, but patients were selected based on their outcome [32] . NGS provides the opportunity for high throughput sequencing of multiple potentially relevant genes and comprehensive studies over the next few years should establish the specific mutations or combination of mutations at diagnosis that confer a worse prognosis. Of course, this is highly dependent on the uniform interpretation of variants and the appropriate assignment of their clinical relevance. Thus, at the present time, mutation status at diagnosis cannot be recommended to guide therapy decisions.
An unambiguous causal role of mutated cancer genes may emerge for patients with primary TKI resistance who fail early treatment milestone responses and for patients who relapse after an initial response. Using gene expression analysis, Radich et al. demonstrated that patients who relapsed after an initial response had a gene expression signature resembling that of advanced phase disease [85] . The current recommendation for patients who fail TKI therapy is to perform BCR-ABL1 kinase domain analysis [1, 2, 86] . BCR-ABL1 mutations are rarely responsible for primary resistance, but failure to meet early milestone responses is associated with their detection or an increased risk of their subsequent acquisition [87] . Supplementing BCR-ABL1 kinase domain mutation analysis with targeted gene sequencing may increase the diagnostic yield of true biological resistance in some cases. Currently, in the absence of a BCR-ABL1 mutation, nonadherence to therapy cannot always be excluded. However, exquisite sensitivity is achieved for BCR-ABL1 mutations since cells bearing the BCR-ABL1 fusion are isolated through PCR amplification [88, 89] . This level of sensitivity may not be achievable for other genes where there is an admixture of non-leukemic cells. The relative ratio of non-mutated to mutated alleles will vary depending on treatment response. Therefore, for patients with acquired TKI resistance, interrogating other genes for causal mutations could proceed when the BCR-ABL1 level is above a critical threshold, unless the sequencing method is capable of high sensitivity. The sensitivity required for early detection of mutated cancer genes is not yet established.
The current data suggest a role for expanded mutation sequencing at BC. Furthermore, there is emerging evidence for the co-occurrence of BCR-ABL1 kinase domain mutations and mutated cancer genes at BC [22, 47] . These mutants may predate the acquisition of BCR-ABL1 mutations [22] . However, knowing the mutation status is primarily of clinical relevance if it opens opportunities for more effective therapy. In this setting rational combination therapy will likely be needed. Some mutants may be actionable currently or in the future. The most frequently mutated gene in advanced phase CML is the transcription factor RUNX1, which plays an indispensable role in hematopoiesis. It is required for efficient differentiation of both myeloid and lymphoid lineages and mutations were detected in both lineages at BC [22] . RUNX1 directed therapies are under development by inhibiting protein/protein interactions. Small-molecule targeting of CBFB, the binding cofactor of RUNX1, reduced RUNX1 binding to target genes and impacted cell survival and differentiation [90] .
ASXL1 is among the most frequently mutated genes in CML. It has a role in chromatin modification and regulates the expression of multiple genes. A recent study provided new evidence that ASXL1 exon 12 mutants confer a gain-offunction by abnormal binding to the bromodomain-containing BRD4 [91] . ASXL1 mutants demonstrated hypersensitivity to recently developed bromodomain inhibitors, which may be a promising therapeutic approach. ASXL1 mutants have been predominantly described in MBC. Deletion involving the IKZF1 gene is a feature of lymphoblastic leukemia and exon deletion was commonly detected at BC CML [22, 43, 47] . IKZF1 is a tumor suppressor that encodes the lymphoid transcription factor IKAROS, which plays a crucial role in hematopoiesis. A mouse model of IKZF1 exon deletion demonstrated reduced responsiveness to dasatinib [92] . However, targeting the retinoid pathway augmented dasatinib activity. An inhibitor of the pro-oncogenic casein kinase II may restore IKZF1 tumor suppressor activity [93] .
Drugs that are already approved for clinical use in AML may have a role for a minority of CML patients with IDH1/ 2 mutations. These were detected at a markedly lower frequency in advanced phase CML compared with mutated RUNX1, ASXL1, and IKZF1. Nevertheless, the IDH2 inhibitor enasidenib achieved clinical responses in approximately 40% of patients with AML by promoting leukemic cell differentiation [94] and is approved by the FDA. Similarly, ivosidenib was FDA approved in 2018 as the first treatment of IDH1 mutated AML. Whether adding one of these agents to a TKI and/or other agents will improve outcome in this small subset of patients with CML with IDH1/2 mutations remains to be investigated.
Novel approaches may be beneficial for gene fusion driven advanced phase CML [95] . In a small cohort of 39 patients at BC, MLL gene fusions were detected at a frequency of 13%, including cytogenetically cryptic MLL fusions [22] . MLL fusions interact with different co-factors that are largely associated with epigenetic control, including the tumor suppressor Menin and the histone methyltransferase DOT1L. Inhibition of Menin and DOT1L enhanced induction of differentiation and cell death compared with targeting DOT1L alone in MLL rearranged leukemia [96] . The CBFB-MYH11 fusion has also been described in CML BC [22, 59] . The fusion has strong binding affinity for RUNX1 and leads to deregulation of its transcription factor activity. Small-molecule inhibition of the protein-protein interaction between CBFB-MYH11 and RUNX1 showed efficacy against this fusion driven leukemia [97] . Targeting BCL2, although not a gene found mutated in CML but reported to be relevant for survival of leukemic progenitors, has been shown in preclinical studies to be synergistic with TKI and may prove a valuable clinical option in patients with a variety of additional mutations [98] .
Incorporation of non-genic factors into prognostic scores
We have focused on the potential of using gene mutation status to aid clinical decisions. However, non-genic factors may also provide prognostic information. These would include the non-coding regions of the genome, which are detectable by whole-genome sequencing. Furthermore, gene expression signatures have the potential to capture non-genic contributions, such as epigenetic factors, that could potentially contribute to worse prognosis [85, 99, 100] . In the future a combination of genic, nongenic and gene expression signatures may contribute to clinical risk scores.
Conclusion
In all disease phases of CML, important questions remain to be answered; do specific mutants associate with treatment response? Does the presence of multiple mutants correlate with a poorer outcome? Do specific interactions occur between mutants, either by co-occurrence or mutual exclusivity? What is the impact of co-expression of mutants in the same or different clones? Is there an association between specific mutants and time to loss of response or transformation? Do specific mutants at diagnosis require more potent kinase inhibition to achieve an optimal response? Do cancer gene mutations at diagnosis impact the chance of achieving Intermediate if a mutation demonstrated to confer a moderate risk is detected, and High if specific mutations or multiple mutations are detected treatment-free remission? Some mutations may indicate the need to target a second pathway in addition to BCR-ABL1 inhibition (Fig. 4) . As the field begins to address these important issues, we strongly believe that well-designed NGS studies offer a critical opportunity to lay the foundation for improved risk classification according to clinical and genomic risk.
